Magnetic nanopillars with variable top electrodes were fabricated to clarify the roles of the spin current and the spin accumulation in the current-induced magnetic switching. The critical switching current is significantly increased when the size of the top electrode is comparable to that of the nanopillar. This result implies that the dominant contribution in the current-induced magnetic switching is not the spin accumulation, but the spin current.
The magnetic nanopillar with a ferromagnet/nonmagnet/ ferromagnet layered structure is attractive for the application to the magnetic random access memory, which has parallel ͑P͒ and antiparallel ͑AP͒ magnetic configurations, switchable by either an external field or a dc current. 1 Since the first dc current induced magnetic switching was experimentally demonstrated using such nanopillars by Katine et al., 2 there have been many experimental [3] [4] [5] [6] and theoretical [7] [8] [9] [10] [11] [12] [13] [14] [15] studies on this type of systems. Nevertheless, the roles of the spin current and the spin accumulation have not been clarified yet.
Usually, when a charge current j e given by a sum of the spin-up j ↑ and the spin-down j ↓ currents travels through alternating magnetic and nonmagnetic layers, the spin current j s ͑=j ↑ − j ↓ ͒ is evolved as a consequence of the spindependent scattering. Accumulated spins at the interfaces accordingly build the split in the electrochemical potential ⌬ ͑= ↑ − ↓ ͒. As the simplest case, the spin-up and down currents are correlated with the spin accumulation as in following one-dimensional diffusion equations
where , , , and e are, respectively, the spin-diffusion length, the electrochemical potential, the electrical conductivity, and the electronic charge. Despite the earlier set of diffusion equations, the roles of the spin accumulation and the spin current in the current-induced magnetic switching are still a point of controversy. Theories based on the spin transfer 1, [8] [9] [10] [11] [12] [13] [14] [15] 17 suggest that the spin current transfers the transverse component of the spin angular momentum to the local magnetic moment at the interface upon flowing into the adjacent magnetic layer, and thereby a torque is exerted on the local moment, resulting in spin-wave excitation or magnetic switching. Notably the theory based on the spin accumulation 7 claims that the nonequilibrium magnetization of the accumulated spins applies an effective exchange field on the local magnetization, described as the nonequilibrium exchange interaction for the case of two magnetic layers separated by a nonmagnetic one. The effective field thus forces the local magnetization to take the orientation of the accumulated spins. Remarkable is that even among the spintransfer theories, divergence appears in terms of the origin of the spin current. Recently, it has been reported [11] [12] [13] that the spin accumulation theoretically gives rise to a transverse spin current at the interface much larger than the spin current carried by the polarized charge current. Therefore, we have three possible contributions to the current-induced magnetic switching, such as the spin current carried by the polarized charge current ͑hereafter the spin current͒, the transverse spin current induced by the spin accumulation, and the effective field due to the spin accumulation. It is important to clarify the roles of these three possible contributions for further theoretical and practical understandings. In this letter our main purpose is to clarify the roles of the spin current and the spin accumulation. If the spin current gives dominant contribution, the polarization of the charge current should be increased to reduce the critical switching current. If the spin accumulation gives dominant contribution, no matter whether it induces the effective field or the transverse spin current, the spin accumulation should be enhanced.
The studied nanopillars comprise an electron-beam evaporated layered structure of Cu ͑60 nm͒ /Co ͑40 nm͒ /Cu ͑6 nm͒ /Co ͑2.5 nm͒ /Au ͑15 nm͒ /Cu ͑50 nm͒. The layers of Cu ͑60 nm͒ and Cu ͑50 nm͒ serve as the bottom and top electrodes, respectively. The extended bottom Co ͑40 nm͒ layer has a fixed magnetization during the currentinduced magnetic switching, while the top Co ͑2.5 nm͒ layer has freely switchable magnetization. For this study, the effect of the spin current needs to be separated from the effect of the spin accumulation. This can be realized by adjusting the size of the top electrode. Usually, the top electrode of a nanopillar is much wider than the nanopillar itself to ensure good electric contact. According to the theoretical calculations, 12,14 a wide top electrode facilitates the spin-flip scattering, and suppresses the spin accumulation inside the nanopillar. By decreasing the width of the top electrode down to that of the nanopillar, the spin accumulation is increased while the spin current is decreased.
14 In this way, the effect of the spin current can be separated from the effect of the spin accumulation by comparing the switching behaviors of nanopillars with the conventional wide top electrode ͑ϳ10 m wide͒ and narrow top electrode ͑ϳ100 nm wide͒, respectively.
However, it is technically difficult to align a top electrode of ϳ100 nm in width onto a nanopillar of ϳ100 nm. To solve this problem, we designed a grid-shaped top electrode, as shown in Fig. 1 . The slits of the grid are narrower than the nanopillar whereas the width of the conductive strips between the slits is comparable to the nanopillar. The whole grid is much wider than the nanopillar so that the contact between the top electrode and the nanopillar is assured. The length of the conductive strips is much larger than the spin-diffusion length.
The detailed nanopillar fabrication process is described in our previous work. 18 The ion milling is carefully carried out to avoid a step edge in the bottom Co layer producing dipolar coupling to the top Co layer. Prior to the top electrode deposition, the Au surface of the nanopillar is cleaned with ion milling and then quickly moved into the evaporation chamber. The remaining Au capping layer is estimated to be less than 15 nm after the final ion milling. This thickness is well below the room temperature spin-diffusion length of evaporated Au, roughly estimated to be 35 nm according to the directly measured values. [19] [20] [21] Although there is also possible spin-flipping at the Au/ Cu interface, 20 the spin-memory loss in the Au layer and at the interface should not be significant. Figures 2͑a͒ and 2͑b͒ show the scanning electron microscope ͑SEM͒ images of a grid-shaped Cu electrode and a conventional wide Cu electrode, respectively. Figure 2͑c͒ shows the top-view image of the fabricated nanopillar with the size of 130ϫ 70 nm 2 . Such a nanopillar partially covered with the grid-shaped electrode is shown in Fig. 2͑d͒ . The nanopillar cannot be seen when the nanopillar is fully covered with the single Cu strip. The slits in the grid are 100 nm wide and the Cu strip is 150 nm wide.
The perpendicular transport properties of the pillars are measured by means of lock-in technique at room temperature. To compensate the possible dipolar coupling field, the differential resistance ͑dV / dI͒ vs dc current ͑I dc ͒ loop is measured with varying the applied field along the long axis of the elliptic pillar. Since both the external field and the dipolar coupling field cause shift and shrinkage of the dV / dI vs I dc loop, 22 the averaged critical switching current is determined from the widest loop in the measurement. We found that only the fully covered nanopillars exhibited sharp single-step switchings. So the results discussed hereafter are for the fully covered nanopillars.
Figures 3͑a͒ and 3͑b͒ are the magnetoresistance ͑MR͒ loops for two nanopillars with the wide and the grid-shaped narrow top electrodes, respectively. The corresponding dV / dI vs I dc loops are plotted in Fig. 3͑c͒ . For both nanopillars, sharp and full transitions between the AP and P states are induced by either the applied field or the dc current. The nanopillar with the wide top electrode has a reasonable resistance of about 1.5 ⍀ and a MR ratio of 4.8%. However, the resistance of the nanopillar with the grid-shaped electrode is as high as 4.4 ⍀. This high value is caused by the grid-shaped electrode, in which the electrical current flows along the paths shown in Fig. 1 . It can be understood that the measured resistance includes the contribution of the top electrode as well as the pillar resistance. The two samples are fabricated from the same chip. The only difference between them is the top electrode.
Remarkable is a large difference in the critical switching current seen as a change in width of the two dV / dI vs I dc loops in Fig. 3͑c͒ . The relation ͉͑I P→AP ͉ + ͉I AP→P ͉͒ / 2 yields the averaged critical switching current densities of 5.1 ϫ 10 7 A/cm 2 for the wide top electrode and 9.2 ϫ 10 7 A/cm 2 for the grid-shaped narrow top electrode. The latter is 1.8 times as large as the former. A similar result is also obtained for nanopillars with a larger size of 160 ϫ 100 nm 2 . For six nanopillars with narrow top electrode and four nanopillars with wide top electrode, the critical switching current density is increased in average by a factor of 1.7 when the wide top electrode is replaced with the narrow one.
One possible reason for the difference in the critical switching current is the Oersted field due to the current flowing in the top electrode. According to the magnetization direction of the bottom Co layer, this Oersted field should cause expansion or shrinkage of the dV / dI vs I dc loop. To examine the influence of this Oersted field, the magnetization of the bottom Co is reversed, and then the dV / dI vs I dc loop is measured again. Almost the same result is obtained, meaning that the influence of the current in the top electrode is negligible.
Theoretical calculations show that the size of the top electrode affects the spin current 14 and the spin accumulation 12, 14 inside the nanopillar. Increase in the size of the top electrode diminishes the spin accumulation at the Cu/ Co͑free layer͒ interface by a factor of about 4 ͑Ref. 14͒ or 2. 12 In return, the spin current is increased at the same position by a factor of about 2.
14 This means that the wide electrode provides a large volume for conduction-electronspin relaxation. Thus the spin accumulation is difficult to be built-up inside the nanopillar. At the same time, the spin current from the pillar is absorbed to the top electrode, leading to the enhanced spin current inside the nanopillar. This can also be explained by employing the spin-flip resistance R S = / ͓A͑1−␣ 2 ͔͒, where A is the cross-sectional area, and ␣ is the spin asymmetry. Increase in the area A decreases the value of R S , and thus accelerates the spin-flip scattering. 14 Taking into account the earlier discussion, present experimental results show that the critical switching current is increased by promoting the spin accumulation ͑decreasing the spin current͒. In other words, the magnetic switching becomes difficult to occur. This indicates that the spin current is the dominant factor in the current-induced magnetic switching in the magnetic nanopillars, contrary to previous theoretical conclusions. 7, [11] [12] [13] Those conclusions support that the spin accumulation is dominant and, hence, should be increased to reduce the critical switching current. We do not deny the effects of the spin accumulation, but our experimental results show that the spin current contribution seems dominant and more effective. Therefore, to reduce the critical switching current, the spin polarization of the charge current should be increased. The possible ways are to introduce spin-flip scatterers in the electrode or to use capping layers with short spin-diffusion length. 5, 10, 14 In summary, with using the grid-shaped top electrode, we succeeded in examining the contributions of the spin current and the spin accumulation. The results show that the spin current carried by the polarized charge current makes the dominant contribution to the current-induced magnetic switching.
